Abstract. The purpose of the present investigation was to encapsulate pure prednisolone (PRD) and PRD-hydroxypropyl-β-cyclodextrin (HPβCD) complex in cellulose-based matrix microspheres. The system simultaneously exploits complexation technique to enhance the solubility of low-solubility drug (pure PRD) and subsequent modulation of drug release from microspheres (MIC) at a predetermined time. The microspheres of various compositions were prepared by an oil-in-oil emulsion-solvent evaporation method. The effect of complexation and presence of cellulose polymers on entrapment efficiency, particle size, and drug release had been investigated. The solid-state characterization was performed by Fourier transform infrared spectroscopy, thermogravimetry, differential scanning calorimetry, and powder X-ray diffractometry. The morphology of MIC was examined by scanning electron microscopy. The in vitro drug release profiles from these microspheres showed the desired biphasic release behavior. After enhancing the solubility of prednisolone by inclusion into HPβCD, the drug release was easily modified in the microsphere formulation. It was also demonstrated that the CDs in these microspheres were able to modulate several properties such as morphology, drug loading, and release properties. The release kinetics of prednisolone from microspheres followed quasi-Fickian and first-order release mechanisms. In addition to this, the f 2 -metric technique was used to check the equivalency of dissolution profiles of the optimized formulation before and after stability studies, and it was found to be similar. A good outcome, matrix microspheres (coded as MIC5) containing PRD-HPβCD complex, showed sustained release of drug (95.81%) over a period of 24 h.
INTRODUCTION
Entrapment of medicinal agents within polymeric microspheres is a unique technology which has been utilized by many formulation scientists in the recent past. This technology brightens the possibility of reduction of toxicity, enhancement of control over release activity, and maximization of the bioavailability of both soluble and insoluble drugs. Conventional dosage (oral) form does not usually provide any controlled release or target specificity because of its immediate release. Many shortcomings of the conventional dosage form may be overcome by microspheres technology. Considering the physicochemical properties of used chemicals, applied techniques, basic principles, and modulation/ tailoring some of the properties of the chemicals, a formulation scientist can achieve a targeted pharmacological effect. Several ways have been explored for the development of effective prolonged drug delivery system, such as tablet (1) , alginate beads (2), nanoparticles (3), microparticles (4) , and liposomes (5) . Among these systems, a multiple-unit system has been proven to be better than single-dosage forms as it has more predictable and reproducible gastrointestinal transit time and less local irritation/side effects (6) . Various biocompatible polymers are currently in use, such as cellulose derivatives (7) (8) (9) (10) . Versatile uses of cyclodextrin have been reported earlier especially as a complexing agent and a drug release modulator (11) . Cyclodextrin enhances the solubility of a poorly soluble guest molecule by fitting in lipophilic cavity. Recently, substituted cyclodextrins have received considerable attention (Fig. 1a) because of their better physiochemical properties than that of the natural counterpart (12) . The problem of poor bioavailability and development of toxicity in the use of poorly soluble drug can be overcome by its complexation with substituted cyclodextrin (13, 14) .
Prednisolone (PRD), a glucocorticoid, is a highly potent anti-inflammatory and immunosuppressive drug (Fig. 1b) . Additionally, it is used in substitution therapy for adrenal insufficiency. Even moderate doses of the drug, on repeated administration for a long period, causes many side effects such as diabetes, hypertension, Cushing's syndrome, and osteoporosis (15) . In spray drying technique, the effectiveness of cyclodextrin complexation to improve the solubility of PRD has been confirmed (16) . Therefore, prednisolone is a good choice for improving solubility and developing a sustained drug delivery system. Long circulating liposomes of prednisolone phosphate markedly increase the biological activity and reduce side effects as compared to its solution (17, 18) . Teshima et al. (5) observed the plasma concentration of prednisolone after intravenous administration of liposomal palmitoyl prednisolone for a prolonged period. Berthold et al. (19) developed chitosan-based microspheres to adsorb prednisolone sodium phosphate at the interface of the microsphere. They reported a prolonged release of drug as it exhibits good adhesion of chitosan over the inflamed areas. Oosegi et al. (20) observed the absorption of prednisolone from chitosan-succinyl prednisolone microspheres in rats with trinitrobenzene sulfonic acid-induced colitis. Redmon et al. (21) compared the efficiency of two methods during the preparation of prednisolone-21-acetate poly(glycolic acid) microspheres. Akiyama et al. (22) had studied the effect of hydrophilic-lipophilic balance of polyglycerol ester of fatty acid (PGEF) on the release of prednisolone from the PGEF microspheres. With these, our aim concerns the development of matrix type microspheres loaded with PRD-hydroxypropyl-β-cyclodextrin (HPβCD) inclusion complex. To make it short, our objectives were: (a) the preparation of PRD-HPβCD complex by solvent evaporation method; (b) evaluation of various influences of the polymer matrix on the drug release and characterization of various aspects of MIC; and (c) verification of some properties of microsphere formulations such as surface texture, state change, and interaction between ingredients by instrumental analysis.
MATERIALS AND METHODS
The samples (given as gifts) were: prednisolone (Medopharm, India); ethyl cellulose (Signet Chemical Corporation Pvt. Ltd, India); HPβCD-molecular weight, 1,380 (Roquette, Lestren); and hydroxypropyl methylcellulose (HPMC) E15 (Colorcon Asia Pvt. Ltd, GAO, India).
Span 80 (Loba Chemie, Mumbai, India) and heavy liquid paraffin (Merck Specialties Pvt. Ltd, Mumbai, India) were purchased. All the reagents were of analytical grade.
Preparation of Prednisolone-Cyclodextrin Complex
Using HPβCD (carrier), solid dispersion of prednisolone was prepared by the solvent evaporation method. Accurately weighed amount of prednisolone (700 mg) and carrier (3,500 mg, 0.027:0.0362 molar ratio) were dissolved in 70 mL mixture of ethanol and water at a ratio of 7:3 (v/v). Then, the mixed solvent was evaporated under room temperature (25°C) for 48 h. After complete evaporation of solvent, solid dispersion was pulverized by a glass mortar and pestle. The 120-μm sieve fraction was then used for further studies. Actual drug content was found as 50 mg in 320 mg of solid dispersion (i.e., 15.62%) after its assay in a UV spectrophotometer.
Preparation of Microspheres
Various compositions of drug-loaded microspheres (Table I) were prepared by oil-in-oil (O/O) emulsion solvent evaporation method (4). To prepare prednisolone microspheres, 100 mg of PRD was dissolved in a 10 mL of mixture of chloroform and ethanol (1:1, v/v). The use of appropriate combination of solvents minimizes excess use of solvent. Next, weighed amount of polymers (ethyl cellulose and HPMC, E15), as shown in Table I , were added to it and stirred for 15 min in a magnetic stirrer and subsequently ultrasonicated (Takashi, Japan) for 5 min to make homogeneous dispersion. This dispersion was added dropwise to 125 mL of heavy liquid paraffin containing Span 80 at 2% (v/v). Span 80, a surfactant, acts as emulsifying agent. The resultant mixture was stirred at a speed of 1,000 rpm at room temperature for 3 h. After the formation of primary emulsion, the solvent present in the emulsion droplet diffuses into the continuous paraffin phase and gets evaporated (23) . Heavy paraffin was used to retard the fast diffusion of solvent because slow diffusion facilitates bridging between the drug and polymer. To harden the microspheres, 25 mL of petroleum ether (non-solvent) was added to it, and the stirring was continued for the next 2 h. The hardened microspheres were collected by filtration and washed with 100 mL of petroleum ether and air-dried for 12 h. After washing with excess quantity of petroleum ether, microspheres turned from a pale yellow color to white. Later, the used petroleum ether was collected and recovered by a distillation process for reuse. The prepared matrix microspheres were found to be spherical, discrete, and well-defined in shape. These were designated as MIC1 and MIC2. A similar method was followed to prepare microspheres of prednisolone-HPβCD complex. Here, 320 mg complex containing 50 mg prednisolone was used to prepare the microspheres. The prepared microspheres were designated as MIC3 to MIC12.
Characterization of Microspheres
Dried microspheres were accurately weighed and the yield calculated as a percentage using Eq. 1:
Yield ¼ weight of microspheres weight of polymer þ weight of PRD À HPb CD complex
A microsphere sample (50 mg) was pulverized and dissolved in 5 mL of methanol and diluted up to 50 mL with double distilled water in a volumetric flask, and then necessary dilution was made. Absorbance of the sample was noted at 247 nm and content of drug in microspheres determined. The material balance was calculated with respect to the drug content. Drug loading and encapsulation efficiency were determined in duplicate for all batches using Eqs. 2 Particle Size Determination by Microscopy
The particle size of the microspheres was determined using an optical microscopy method. Approximately 300 microspheres were taken on a glass slide and the particle size measured using a calibrated optical microscope (KYOWA Getner microscope, Tokyo) under regular polarized light.
In Vitro Release Studies
In vitro release studies were performed using the USP basket apparatus (TDT 06P Electrolab, India). MIC containing drug equivalent to 30 mg was added to 500 mL of the dissolution medium (pH 7.4, phosphate buffer), thermostated at 37±0.5°C, and stirred at 50 rpm. At suitable time intervals, 5 mL samples were withdrawn from the dissolution vessels and immediately replaced with the same volume of the fresh dissolution medium. Samples were withdrawn from the dissolution medium at intervals of 1 h up to 12 and 24 h, and then the samples were filtered with a Whatman filter paper (pore size 11 μm) before assay. The filtrate was spectrometrically assayed for drug content at λ max 247 nm (ANALAB UV-180, spectrophotometer) (24) . No interference in the measurement of the drug due to the presence of other ingredients was observed. The percent of drug released was plotted versus time. Each experiment was repeated three times.
The percent dissolution efficiency (%DE) was computed to compare the relative effect of various concentrations of polymer using MATLAB software. The percentage DE of a pharmaceutical dosage form is defined as the area under the dissolution curve up to a certain time, t, expressed as a percentage of the area of the rectangle described by 100% dissolution at the same time. The %DE can be calculated from
Â 100 % where Y is the percent drug dissolved at time t. 
Mathematical Modeling of Drug Release
In the design of the new drug delivery system, it is an essential task to characterize release data (in vitro) by various kinetics equations and empirical/semi-empirical models. These include the zero-order equation
and Korsmeyer-Peppas model or power law equation, (25) (26) (27) . Here, M is cumulative amount of drug (%) at time t and k 1 -k 4 are the release rate constants. In KorsmeyerPeppas model M t and M ∞ are the amounts of drug released at time t and at equilibrium, respectively. In the present work, M ∞ represents the total amount of drug incorporated in the microspheres, k 5 is a constant related to the structural characteristics of the dosage form, and n is the diffusional exponent. Plots were made by fitting data into these equations, and kinetic parameters (k 1 -k 4 , n) and r 2 values were obtained and listed in Table II . Data (r 2 , n) were analyzed to determine the drug release mechanism.
SOLID-STATE STUDIES FTIR Spectrophotometric Analysis
Fourier transform infrared (FTIR) spectra were obtained as Nujol mulls using FTIR-8300 (Shimadzu Co., Kyoto, Japan) combined with Quick Snap sampling modules. Infrared spectra of the samples were recorded in the solid state by the KBr disc method over the wavenumber range of 4,000-400 cm −1 . Individual polymers, drug (PRD), and drug/ polymer physical mixtures were run as controls.
Powder XRD Analysis
Powder X-ray diffraction (XRD) patterns were studied using Rigaku Miniflex diffractometer (Rigaku Co., Ltd., Japan) using a Kb filter, Cu radiation, a voltage of 30 kV, and current of 15 mA. The powder samples were packed in the X-ray holder from the top before analysis. These samples were continuously spun and scanned at a rate of 1°/min over a 2θ range of 5-70°, and the results were processed by a preloaded computer program.
TG Analysis
Thermogravimetric analysis (TG) of the microspheres was performed at a heating rate of 10°C/min in the range from 30°C to 700°C under a high-purity nitrogen atmosphere (Q 600 V8.2 built100 DST/TG analyzer). Approximately 3 mg of the sample was placed in a 100-μL platinum cup and the percentage weight loss of the samples was monitored.
DSC Analysis
Differential scanning calorimetry (DSC) analyses were performed on various samples (drug, polymers, physical mixture, solid dispersion, and microspheres) with a Pyris diamond TG/DTA (Perkin-Elmer) instruments with a thermal analyzer. Under nitrogen flow of 25 mL/min, approximately 5-10 mg of the sample was placed in a sealed aluminum pan and heated at a scanning rate of 10°C/min over the temperature range of 30-300°C.
Surface Morphology
The surface morphology of MIC1 and MIC5 were examined using scanning electron microscopy (SEM; JEOL, JSM5200, Tokyo, Japan). Prior to examination, the samples were fixed on a brass stub and coated with a gold-palladium layer under argon atmosphere using a gold sputter module in a high vacuum evaporator. The pictures were then taken in the instrument set at an excitation voltage of 20 kV. The surface morphology of microspheres was investigated before and after the in vitro drug release study. 
Stability Study
The stability study was performed on optimized formulation (MIC5). Microspheres were packed in a glass vial and stored at various temperatures (45±2°C and 5±2°C) for a period of 45 days. Sampling was done at predetermined time intervals of 0, 15, 30, and 45 days. Estimation of drug content and dissolution study of these samples were performed. To compare the similarity of drug release profiles before and after stability studies, a statistical tool was used to determine the difference factor (f 1 ) and the similarity factor (f 2 ) by the following equation (28):
where R t is the reference assay at time point t, T t is the test assay at time point t, and n is the number of samples. The difference factor (f 1 ) calculates the percent difference between two curves at specified instants and is a measurement of the relative error between the two curves. If the (f 1 ) factor between two curves is zero, this indicates the identical dissolution profile. The similarity factor (f 2 ) is a logarithmic transformation of the sum of the squared error. It is a measurement of the similarity in the percent dissolution between the test and reference profiles by taking the average sum of squares.
The f 2 value ranging from 50 to 100 ensures similarity of the two curves.
Statistical Analysis
Quantitative data were reported as mean ± SD. Statistical analysis was performed using one-way analysis of variance. Tukey's test with statistical significance was evaluated at p<0.05. Calculations were performed with the Graph Pad Instat program trial version.
RESULTS AND DISCUSSIONS
The cellulose matrix microspheres of PRD and PRD-HPβCD complex were prepared using O/O emulsion solvent evaporation technique. The purpose of preparing the PRD-HPβCD inclusion complex was to improve the solubility and dissolution rate and to find the feasibility of its use in the formation of controlled-release microspheres. The PRD-HPβCD complex was prepared using the conventional solvent evaporation method. The emulsion solvent evaporation method has been successfully used to incorporate plain drug (PRD) or the drug-HPβCD inclusion complex into the polymeric matrix. Heavy liquid paraffin, an immiscible liquid, was used as a continuous phase since the dispersed phase contained the hydrophilic complex. Selection of suitable dispersion media enhances the entrapment efficiency. The solvent present in the emulsion droplet gets evaporated and some amount of solvent diffuses into the continuous paraffin phase (23) . Earlier, some investigators suggested that the drug was molecularly dispersed within microspheres due to the evaporation of the solvent (29) .
Characterization of Microspheres
Microspheres were prepared with various ratios of matrix polymers (HPMC, EC) using prednisolone as free drug (MIC1, MIC2) and prednisolone as inclusion complex with carrier HPβCD (MIC3-12). To prepare microspheres (MIC3-12), 320 mg of complex was used for every 50-mg drug. The solubility of prednisolone in the inclusion complex was higher (3.25 mg/mL at 37±0.5°C) in comparison with that of free drug (0.45 mg/mL at 37±0.5°C). Microspheres were characterized to examine the yield (%) of microspheres, drug content, entrapment efficiency (%), drug loading (%), and average particle size. Loss of materials during preparation was also reported (Table III) . Percent yield depends on the mass fraction of polymers, other ingredients (drug, carrier), and the physicochemical properties of the materials involved in dispersion. If any ingredient diffuses out from one liquid Data are the means of at least three experiments ± SD (p<0.05). Yield is calculated with respect to the total weight of solid dispersion (320 mg of PRD-HPβCD complex) and polymers phase to another, then there will be lower yield due to this loss. This happens when the solvent migrates/evaporates from microspheres along with the soluble content to the dispersion medium, and this fact also causes greater porosity of the polymeric network. Therefore, we found a lower percentage yield (73.56) in MIC3 in comparison to MIC2. There was a gradual increase in percentage yield when either total polymer content or mass faction of HPMC in the matrix was enhanced. The effect of a higher percentage of HPMC was found to increase the drug content. In fact, EC is hydrophobic and less swellable, so the percent of porosity in the EC-dominated network is larger, which results in less drug content in the formulations when compared with that of HPMC. Thus, we observed that drug content in MIC11 was less than that in MIC12. Drug content in MIC9 and MIC12 were found maximum when a fraction of EC was the lowest. A similar trend was observed in entrapment efficiency. Percentage drug loading is the percent of drug with respect to the yield of microspheres that depends upon the amount of polymer. In MIC1, the total amount of polymer was higher than MIC2, so percent drug loading was found less in MIC1. Percent drug loading dropped significantly (p<0.05) in MIC3 in comparison to MIC2 since a lesser amount (50 mg) of drug was added in the former. With the increase of total polymer, drug loading percentage decreased.
Loss of material was minimized with the increase of total polymer and HPMC. Loss of drug in MIC3 was lesser since less quantity of the drug was added. Average particle size (dp) in MIC1 and MIC2 was comparatively lesser than in MIC3-MIC12 since the latter contained some quantity of HPβCD due to complexation. With the increase of total quantity of polymer, dp increased, as evidenced in particle size (dp) of MIC3-MIC6. Average particle size decreased when the mass fraction of EC was low (MIC9, MIC12). Physicochemical properties of EC (hydrophobicity, rigidity) may influence dp. Factors such as speed of agitation, volume of external phase, and concentration of surfactant influence the size of the particle. In the present study, all the factors were kept constant for all formulations. Interfacial tension is also an important factor that causes coalescence of globules (30) . The hydrophilicity and swellability of HPMC make the microspheres less porous, and as a result, it retards the possible migration of drug into continuous medium. This hypothesis is supported by the highest yield of microspheres obtained in the presence of higher HPMC concentration (7) . From this discussion, it is clear that the above method used is appropriate to incorporate the drug complex in a suitable blend of hydrophilic and hydrophobic polymer when the latter acts as good retarding agent. The mass balance was calculated with respect to drug content showing higher material loss in the formulation prepared without HPMC.
In Vitro Release Study
The increment in the dissolution from the PRD-HPβCD complex was higher than that of pure PRD, as depicted in Fig. 2 . In the PRD-HPβCD complex, 93.36% of drug was released at the end of 30 min with an initial burst release of 88.39%, whereas a 12.86% release at 5 min and then 50.42% at 30 min were observed in the pure drug. This fact proved that the higher solubilization capability of substituted cyclodextrin favors the amorphous behavior of drug (31) . The cumulative drug release profiles from various batches of microspheres were depicted in Figs. 3 and 4. Each release profile exhibits a biphasic pattern: initial burst release phase and subsequent slower release phase. The percentage release varies with various compositions of polymers (EC: HPMC). In each formulation, ethyl cellulose was used, whereas HPMC was not included in MIC2 and MIC3. It is well known that the microspheres prepared with ethyl cellulose showed sustained effect over an extended period due to its poor solubility, less permeability, and higher matrix thickness (8) . In MIC2, the lowest burst release (21%) and percentage release of drug (66%) up to 24 h were observed because of slower diffusion rate of drug through the ethyl cellulose matrix. The rate of release was found higher in MIC3 (28% burst release at 1 h and percentage release 79.5% at 24 h) in comparison to MIC2 since the former contained more soluble prednisolone (PRD-HPβCD complex) when both were formulated with the same Fig. 2 . Dissolution profiles of pure prednisolone and prednisolone in PRD-HPβCD complex Fig. 3 . Drug release profiles from matrix microspheres (MIC1-6) loaded with prednisolone content of ethyl cellulose. It is obvious that the initial burst release increases with the higher dissolution ability of drug in complex form when compared with pure PRD (31) . Therefore, the drug's solubility and polymer's characteristics play a combined role in the release of drug from microspheres. It is well known that the polymer having more permeability to water and swellability facilitates higher dissolution and drug release from a dosage form. Comparing the profiles of MIC1 and MIC2, we observed a higher burst release (36.62% at 1 h) and higher percentage release (83.9% at 24 h) in MIC1 owing to the presence of HPMC, which is more swellable due to its permeability to water. HPMC was not used alone in other cases because drug release cannot be controlled as much as we desire. Retardation effect of EC and fast release effect of HPMC were coupled to achieve the targeted extended release. Comparing the formulations MIC3, MIC4, MIC5, and MIC6 (PRD-HPβCD) that contained a fixed amount of EC and increasing amount of HPMC (0-150 mg; Table I ), we found that both initial burst release and percentage release up to 24 h increased with the increasing content of HPMC. The possibility of extending release from 12 to 24 h in MIC6 had been ruled out due to the highest content of HPMC. The experiment showed that it achieved 97.84% drug release up to a 12-h release period. Formulations MIC3 and MIC4 could not achieve more than an 82% release up to 24 h, whereas MIC5 showed burst release (37.44%) and drug release (83.93% up to 12 h and 95% up to 24 h) in the satisfactory level. Comparing MIC4 and MIC7, and MIC5 and MIC8, we observed that percentage drug release decreased with increasing amount of EC. Release period was extended with increasing EC concentration, but MIC4, MIC7, and MIC8 could not achieve a drug release more than 90% in the 24-h period. Effect of increasing amount of EC was found similarly in MIC7, MIC10 and MIC8, MIC11. Formulations MIC10 and MIC11 could not achieve drug release >90% in the 24-h release period. The microspheres (MIC9 and MIC12) showed the highest drug content and caused a very fast release of drug, 99% within 12 and 9 h, respectively, because of the higher fraction of HPMC in comparison to EC. The drug release rate from the microspheres could also be related to the particle size (7) . Microspheres of the complex (MIC9, MIC12) showed a comparatively smaller particle size that provided a large surface area and caused an increased release (%) of drug. The particle size depends on the viscosity and concentration of polymeric dispersion. Dissolution efficiency was lower with increasing amount of EC (Table III) . Therefore, molecularly dispersed drug (complex) within matrix microspheres (MIC3) released at a faster rate than that of the pure drug (MIC2). This is due to the reduced crystallinity, as suggested by (32) . Drug release can be achieved at a desired level by a wellbalanced use of polymers.
Release Mechanism
Drug release profiles shown in Figs. 3 and 4 are not linear with time. There are established equations to study the mechanism of drug release; among these, suitable equations are generally determined by the linearity of data-fitted curves. In the present study, the cumulative percentage of drug releases (M) at various time (t) intervals were fitted to zero-order, first-order, cube root model, Higuchi's, and Korsmeyer-Peppas' model. Correlation coefficient (r 2 ) as summarized in Table II indicates that the release data of drug from almost all the MIC formulations fitted well into the Korsmeyer-Peppas model (logM = logk + nlogt; r 2 =0.9292-0.9953), but n values were not within the range 0.5-1. Similar values were obtained when the equation was applied to the first 60% of fractional release of drug from microspheres. It suggests that drug release obeys a quasi-Fickian release mechanism (n<0.5) where drug diffuses slowly through a swollen matrix and water filled pores of microspheres (33) . Release of drug was not supported by Fickian (n=0.5, Higuchi equation), nonFickian (0.5<n<1), and case II transport (n=1) release mechanisms as values of n ranges from 0.1 to 0.34. MIC9 and MIC12 showed the least values of n (0.1471 and 0.1017, respectively). In these two microspheres, HPMC contents were higher compared to EC, and burst releases (%) at the end of the first hour were significantly high and both the release amounts and rate of releases were very low. The correlation coefficients (r 2 ) as per Higuchi's equation were in the range 0.818-0.9953, which showed nonlinearity in some cases. The correlation coefficients obtained with the zeroorder equation (r 2 =0.59-0.93) and cube root law (r 2 =0.758-0.9864) showed nonlinearity of plots in some cases. In zero order, the drug dissolution occurs at a constant rate from beginning to end. The cube root law describes the erosion behavior of systems and dissolution of polymer matrix. These facts were not observed in the present cases. So these mechanisms are not found suitable here. Rather, the profiles obtained according to the first-order equation showed linearity (r 2 =0.92-0.9987) in all the release patterns except that of MIC1 (r 2 =0.8167). Finally, it is concluded that drug releases exponentially from all microspheres, and the drug release patterns could be explained by quasi-Fickian and firstorder release mechanisms.
Solid-State Studies
The solid-state studies were performed for the formulation (MIC5) to assess the effect of interaction between the drug and polymer and to find out whether the drug incorporated in the microspheres was in its crystalline or amorphous form (Fig. 5) .
FTIR spectrophotometric analysis of pure drug, PRD-HPβCD complex, and polymers were recorded and depicted in Fig. 6 . The spectrum of pure drug displayed peak characteristics of -OH stretch vibrations at 3,357, 3,454, and 3,496 cm −1 for the presence of three hydroxyl groups and the peaks at 1,710 and 1,654 cm −1 for the presence of carbonyl groups in its structure. The presence of C-H stretch (alkanes), C-H stretch (alkanes), and C-C stretch (in ring aromatics) appeared as bands at 2,866; 2,912; 2,929; and 1,596 cm −1 , respectively. Strong absorption peaks at 3,396 cm −1 (O-H stretch vibration) and 2,929 cm −1 (C-H stretching vibration) were found in HPβCD (pure). In the drug-HPβCD complex, the peaks corresponding to O-H (3,404 cm −1 ) and C-H (2,926 cm −1 ) stretching vibrations were broadened and showed reduced intensity when compared with that of pure drug. The absorption peaks showed a slight shift in the spectra. This indicates inclusion complex formation of drug with HPβCD (13, 14) . The bands at 3,479 cm −1 and at 2,974, 2,925, and at 2,858 cm −1 are attributed to the presence of -OH stretch and C-H stretch groups of pure ethyl cellulose, respectively. Similar band peaks were observed in the HPMC spectrum (Fig. 6c) (-OH stretch) and 2,925 cm −1 (C-H stretch). In the physical mixture, the peaks similar to the PRD complex at 3,413 and 2,929 cm −1 were found. The spectra of microspheres that consist of the PRD complex and polymers showed the characteristic peaks at 3,434 cm
and at 2,972, 2,927, and 2,873 cm −1 corresponding to -OH stretching and C-H stretching vibrations, respectively. All the characteristic bands found in the microsphere (MIC5) have resemblance to that of the physical mixture, while the former showed reduced intensities of peaks in comparison to the latter. Both of these two showed other bands corresponding to C=O, -C=C-, C-C (in ring), C-N stretches, and C-H bend as found in drug, drug-HPβCD complex, and polymers. This indicates that there is no chemical interaction between the PRD complex and EC/ HPMC (34) .
Powder X-Ray Diffraction Analysis
The recorded XRD spectra for the pure PRD, PRD-HPβCD, and microspheres loaded with PRD-HPβCD complex (MIC5) are presented in Fig. 7 . These studies are useful to investigate the crystallinity of the drug in the prepared microspheres (35) . The XRD of prednisolone (Fig. 7a) yielded several sharp diffraction peaks typical of its crystalline state, while the diffused halo pattern of the inclusion complex (Fig. 7c) indicated the amorphous state of the product. The diffractograms of the polymers (EC and HPMC) in Fig. 7d , e clearly showed the amorphous nature of polymers. Microspheres were characterized by a broad pattern of the diffractogram in Fig. 7g , suggesting the reduction in the crystallinity of the drug (36) . This fact substantiates the enhancement of drug release (%) in various formulations. This amorphous state caused greater dissolution of drug from 
TG Analysis
TGA is a useful tool in determining the loss of volatile components from the sample as a function of temperature. Only 1.77% of its total mass was lost at 225°C for pure PRD (Fig. 8a) , which is close to the drug's melting point (232°C, experimental value). This loss may be due to volatilization of the hydroxyl group present in PRD. This loss gradually increased as a function of temperature, whereas in the PRD-HPβCD complex (Fig. 8b) , the 6.567% loss observed at 100°C was due to dehydration (37) . The microsphere's (MIC5) TG curves in Fig. 8c showed only a 2.6% weight loss at 200°C, probably owing to either volatilization of the hydroxyl group or dehydration. But complete degradation occurred only after 325°C, which indicates the presence of the PRD-HPβCD complex in stable form. With this evidence, DSC was performed to analyze the physical nature of drug in microspheres. 
DSC Analysis
DSC analysis may provide information about the state of the drug (26) together with the physical stability of material after the process technology (38) . The DSC of the respective samples is shown in (Fig. 9) . The sharp endothermic peak was observed in Fig. 9a at 239 .5°C, which was close to the melting point of drug (prednisolone) (15) . Thermogram of pure HPβCD showed broad endothermic peak at 50°C in Fig. 9b ; it was possibly due to the release of water molecules from HPβCD. There is another exothermic peak at 275°C. It is reported that HPβCD starts degradation above 250°C (39).
The exothermic peak appears, probably owing to the degradation of HPβCD. In the case of drug-HPβCD complex (vide Fig. 9c ), a very short endothermic peak appeared near about 250°C. It seems that the melting point of drug has been shifted from 239.5°C to 250°C in the presence of HPβCD. The melting point characteristics or the endothermic peak of a substance in a mixture may be modified depending on the nature and quantity of another substance. The short broad endothermic peak indicates that the drug is partly amorphous and partly crystalline in the complex form. The complexation technique reduced its crystallinity to some extent. In the same thermogram (Fig. 9c) , the aforementioned peak appeared as if it merged with another short exothermic peak at~280°C. This peak is possibly due to the degradation of HPβCD in the complex form. Figure 9d , e exhibited thermograms of pure HPMC and EC, respectively, which showed no distinct endothermic peak owing to its amorphous nature. No endothermic peak corresponding to the melting point of prednisolone appeared in the DSC thermograms of physical mixture (PM) and microspheres (MIC5; vide Fig. 9f, g ). Both the samples of PM and MIC5 contains PRD-HPβCD complex, EC, and HPMC. In these samples, a fraction of drug-HPβCD is comparatively lower than the fraction of polymers used. Hence, merged peaks as observed in Fig. 9c did not appear in the presence of polymer, as if these have a predominating role over the complex (16) . Therefore, similar thermograms were observed in Fig. 9f , g as in Fig. 9d , e. No new peak appeared in both the thermograms of PM and PRD complex (MIC5); therefore, it was suggested that the ingredients are compatible with each other, although the melting characteristic of pure drug is altered during complex formation. Diminished sharpness of peak in Fig. 9C confirms complex formation in solid dispersion.
Surface Morphology
Each batch of microspheres was of regular, spherical, and a well-defined shape with varying surface characteristics (porosity), as evidenced by the photographs obtained by scanning electron microscopy ( Fig. 10a-d) . The microspheres (MIC5) showing a uniformly rough, porous surface (Fig. 10d) is indicative of an even distribution of solid dispersion in the polymeric matrix which results high initial burst release (31, 40) . The microspheres (MIC1) loaded with pure PRD-EC/HPMC (Fig. 10b) showed a smooth surface less porous in nature, with some drug crystals on the surface of the microspheres. The surface characteristics of microspheres depend on polymer characteristics, polymer concentration, and preparation technique (41, 42) . Surface porosity might also be caused by the high evaporation rate of the solvent when the dispersion is rotated at a high stirring rate (43) . At the end of the in vitro release study, the microspheres were collected and dried. Then, the SEM photographs were taken in order to examine the surface characteristics of the microspheres after dissolution. The surface of microspheres exhibiting bigger pores is indicative of the release of drug from the polymeric matrix (Fig. 10e, f) .
Stability Studies
Stability studies were performed under various temperatures in a period of 45 days. At regular intervals, the microspheres were subjected to drug content assay, and the results were shown in Table IV . At higher temperature (40°C ), the percentage of drug content was found to be 94.08%, whereas 96.49% was obtained at 5°C at the end of 45 days. This result suggests that the microspheres were more stable at 5°C. The in vitro release profiles of optimized formulation (MIC5) before and after stability studies are illustrated in Fig. 5 . The profiles appeared to be almost super imposable. The f 2 similarity factor and f 1 difference factor were calculated by considering the release profile of the samples before the stability study as reference and the release profile of samples after the stability study (45 days) as test. The f 2 values were 86.41(5±2°C) and 61.3(40±2°C) and the f 1 values 1.31(5±2°C) and 5.24(40± 2°C). These results confirmed the similarity of the release profiles of the formulation that was maintained at various temperatures for a storage period of 45 days.
CONCLUSIONS
This is the first attempt to incorporate solid dispersion of prednisolone-HPβCD complex in matrix microspheres. By solid dispersion method, the solubility of prednisolone was enhanced. Microspheres were successfully prepared with prednisolone-HPβCD complex, and it was confirmed that prednisolone was dispersed in polymer matrices in the amorphous state by XRD and DSC. We conclude that cellulose matrix microspheres loaded with the complex is a new sustained-release delivery system of prednisolone that has a potential in administering the drug orally.
